Abstract
Introduction
The Stroke Outcomes and Neuroimaging of Intracranial Atherosclerosis (SONIA) study validated noninvasive imaging tests for intracranial atherosclerosis against catheter angiography in a prospective, blinded, multicenter setting [1] . As an ancillary imaging study to the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial [2] , the SONIA trial standardized the performance and interpretation of transcranial Doppler (TCD) ultrasonography and magnetic resonance angiography (MRA) and provided a critical evaluation of these noninvasive modalities with respect to conventional angiography. As WASID and the subsequent Stenting and Aggressive Medical Management for Preventing Recurrent stroke in Intracranial Stenosis (SAMMPRIS) trials have not culminated in a novel medical or endovascular treatment for stroke prevention in intracranial atherosclerotic disease (ICAD), the diagnosis and prevention of recurrent stroke remains a formidable challenge in this worldwide disorder [3, 4] .
Computed tomography angiography (CTA) differs with respect to other noninvasive diagnostic studies such as MRA and TCD. CTA provides images of vascular structures enhanced with intravenous contrast, detailing vessel anatomy within the lumen with simultaneous visualization of the vessel wall. The procedure has inherent advantages and disadvantages. In contrast to MRA, CTA can be performed in patients with pacemakers and has a shorter imaging time, so it is less prone to movement artifacts. Inadequate contrast administration or timing may degrade the quality of CTA images. CTA may be less susceptible to flow artifacts within the vessels, although the presence of vascular stenoses may diminish opacification of distal portions of the vessel due to hemodynamic effects. Postprocessing artifacts may limit the interpretation of CTA. For example, processing to remove bone structures can cause a false decrease in arterial diameter and loss of small or slow-flow vessels. Improper windowing can also produce artifacts.
At the start of the SONIA trial, CTA was in early development based on concurrent advances in helical CT technology. No prospective, blinded assessment of CTA performance after standardization of test performance and measurement had been performed. Referral bias or imaging surveillance of only cases known to harbor prominent stenoses with planned angiography limited evaluation of CTA. Other studies have compared CTA to imaging modalities other than digital subtraction angiography (DSA) but do not include well-described measurement methods and employ no gold standard comparison [5] [6] [7] . In sum, CTA identification of intracranial stenosis lacks standardized test procedures, measurement methods and adequate validation studies. No agreement exists on the optimal test performance parameters for CTA, and they may vary with equipment. Our objective was to perform a critical analysis of CTA for detection of intracranial stenosis.
Methods
The SONIA and WASID trial designs, methodology, and primary results have been reported elsewhere [1, 2] . Test criteria for TCD and MRA sought to identify 50-99% of angiographic stenosis of the middle cerebral, internal carotid, vertebral or basilar arteries. SONIA ascertained whether these test criteria were performed with a reliable positive predictive value (PPV). CTA analysis was not a primary aim of the SONIA trial, and was added as an exploratory aim after the trial began. As with TCD and MRA, CTA sought to identify 50-99% of angiographic stenosis of the middle cerebral, internal carotid, vertebral or basilar arteries. The WASID trial focused on atherosclerosis as the underlying lesion. Occluded vessels on DSA or noninvasive tests were considered to less likely represent atherosclerosis at the time WASID was conducted. Therefore, an occlusion on angiography was not considered a positive finding, and a finding of stenosis on noninvasive tests would be designated as false positive if an occlusion was identified on DSA.
All subjects had experienced a transient ischemic attack or stroke in the prior 90 days. Patients were enrolled in SONIA trial if noninvasive tests had been performed prior to the conventional DSA. Only middle cerebral, internal carotid, vertebral or basilar arteries imaged by both CTA and DSA could be included in this study. Specifically, this was not an intention to diagnose the design. We sought to determine the correlation between CTA and DSA when both tests were able to image the vessel, and not measure how often a vessel and its stenosis were identified with one technique and not the other.
DSA could involve any number of injected vessels, as those decisions were made by the angiographer at local sites. If 50-99% of stenosis was identified by caliper measurements on DSA in the symptomatic artery, subjects were enrolled in the WASID and SONIA trial. If not, such patients were enrolled in the SONIA trial in order to accurately measure the PPV by including patients whose lack of stenosis made them ineligible for the WASID trial. The negative predictive value (NPV) was determined by comparing noninvasive test results and DSA of the contiguous normal vessel or vessels other than the symptomatic artery that did not harbor disease. The SONIA study determined the PPV and NPV of TCD and MRA for detection of stenosis, as defined above. The same approach was used for CTA, but no sample size estimates for CTAs could be established prior to the design of the SONIA trial due to the evolving experience with CTA. The flow diagram in figure 1 illustrates the patient recruitment. Multicenter standardization of CTA acquisition and blinded, central interpretation of test performance were conducted as part of this study. CTA performance standards included supine patient positioning, acquisition of a localizing image in lateral projection, with gantry and table situated to acquire images extending to the superior aspect of the cranial vault. A test bolus of nonionic contrast was injected at 3 cm 3 /s into an antecubital vein, acquiring 10 continuous 10-mm thick slices with tube settings of 80 kVp and 80 mA. After an up-front delay of 10 s, or an adjusted delay based on the test injection, helical CT images were obtained using a contrast injection rate of 3 cm 3 /s, total contrast volume of 90-150 cm 3 , pitch of 1.5 mm/s, slice collimation of 1 mm, slab thickness of 7.5-9.0 cm, 25-cm field of view, and 512 × 512 matrix, at tube settings of 120 kVp and 240 mA.
All images were submitted in digital form for central adjudication of CTA. Postprocessing was performed on a workstation including reformatting of source images into 1-mm-thick axial images with a 0.5-mm overlap to reconstruct maximum-intensity projection and multiplanar volume reformatted views. Intracranial arterial diameter measurements were obtained to derive stenosis values, utilizing an identical method for measurement of DSA. This WASID method for measurement of intracranial stenosis, utilizes the proximal arterial segment as the normal value, in contrast to the NASCET method, due to differences in anatomy and vascular pathology with respect to extracranial atherosclerosis [8] . Details of the WASID measurement technique have been published previously [9] . CTA flow gap abnormalities were defined by discontinuity of the blood flow column signal, with distal reconstitution. CTA identification of intracranial stenosis of <50% was designated as CTA negative. CTA positivity was defined as 50-99% of stenosis or presence of a flow gap.
Statistical analyses centered on determination of the PPV and NPV for CTA detection of stenosis due to ICAD. A positive CTA was defined as >50% of stenosis or a flow gap. For the purposes of this analysis, occlusions on DSA were considered to reflect an absence of stenosis. Hence, a positive CTA followed by occlusion on angiography was scored as a false positive, and a negative CTA followed by occlusion on DSA was scored as a true negative. The PPV and NPV values were computed as proportions, and exact 95% confidence intervals (CI) were used.
This trial was not registered because enrollment began before July 1, 2005.
Results
CTA measures of intracranial stenosis were obtained in 120 vessel segments, with angiographic correlation on DSA in 52 vessel segments in 21 subjects. The clinical features of this cohort are outlined in table 1 . CTA stenoses of ≥ 50% or a flow gap were identified in 15 of 52 of vessel segments, stenoses of <50% in 5 of 52, and normal arterial diameters in 32 of 52 vessel segments. As detailed in 
Discussion
Our systematic, prospective, blinded evaluation of standardized CTA for the detection of 50-99% of intracranial stenosis with respect to the reference standard of DSA reveals good NPV and only modest PPV. Our sample size was limited due to termination of SONIA in concert with the WASID trial. The low sample size in such a diagnostic test validation study widens the CIs but does not hinder estimates of the PPV and NPV. Thus, even with a larger sample size, CTA would serve well only to exclude the presence of severe intracranial stenosis on DSA.
At the 50% threshold for definition of stenosis, CTA yielded PPV and NPV estimates on a par with other noninvasive tests in the SONIA trial, including TCD and MRA [1] . Concordance of CTA with these other modalities cannot be addressed in this study as only 21 subjects had CTA and either TCD or MRA in the SONIA trial. Interestingly, the 50% threshold on noninvasive tests to define 70-99% of DSA stenoses for entry into the SAMMPRIS trial yielded a PPV of only 13%. The poor PPV of CTA to identify the presence of an intracranial stenosis is in sharp distinction to other reports that describe the performance of CTA, likely due to the standardized, blinded approach and minimization of bias employed in the SONIA trial.
The relatively high NPV of CTA to rule out the presence of 50-99% of intracranial stenosis provides important data for clinicians evaluating patients at risk of stroke. Avoiding the risk and cost of invasive angiography serves an important role in triage. CTA is increasingly used at many centers and many vessels will be normal due to the limited prevalence of ICAD. Even if CTA erroneously rules out stenosis in a given vessel that actually harbors disease, one may question the implications given the current management of ICAD. In the absence of a proven medical or endovascular therapy, such misdiagnosis may be acceptable.
Thus, a screening test with high NPV holds value for clinicians seeking to rule out severe disease and offers patients an optimistic prognosis. Any suggestion of disease must recognize the low PPV and recommend DSA for further evaluation, if useful management changes will be made with the result of DSA. In a clinical trial, in which by definition the 'best treatment' is unknown, reliably excluding disease is less relevant. Trial recruitment is optimized with a screening test with high PPV. In our trial, CTA did not appear to offer the ability to provide an optimal screening test for recruitment of patients into a clinical trial. The reference standard of DSA remains the sole measure to characterize and quantify ICAD. A reliable noninvasive imaging strategy for the diagnosis of ICAD is needed, as the vast majority of patients will not undergo invasive angiography in clinical practice to identify ICAD [10] . DSA is increasingly reserved for only those patients considered for endovascular procedures due to recurrent stroke despite optimal medical therapy. Thus, reliable identification of clinical trial subjects is difficult.
Perhaps more importantly, it must be recognized that these analyses compare CTA and DSA with respect to degree of luminal stenosis, rather than using CTA findings to predict recurrent stroke in the arterial territory. Stroke clinicians need, but do not have, a reliable noninvasive CTA index that identifies clinical risk rather than likelihood of severe anatomic stenosis. In the absence of a definitive treatment for ICAD other than aggressive medical management, further trials of interventional therapy are anticipated. A correlation of CTA findings with risk of recurrent stroke may provide an alternate method for noninvasive tests such as CTA to serve as screening tests for such trials. The percentage of stenosis on CTA is not a strong predictor of recurrent events. In the WASID trial, nearly half of recurrent strokes occurred in patients with 40-69% of stenosis [11] . There is evidence in the coronary literature, and in studies of WASID and SAMMPRIS patients, that hemodynamic assessment of ICAD rather than anatomic assessment with percentage of stenosis is superior for the prediction of recurrent clinical symptoms. Computational fluid dynamics of CT vascular imaging has shown excellent results in identifying the riskiest coronary lesions [12, 13] , and preliminary work with computational fluid dynamics of intracranial vessels suggests that the same may be true for ICAD. We have found that not all 'severe' stenoses characterized by degree of maximal stenosis are hemodynamically significant. The literature on using physiological measures of coronary disease to identify high-risk subjects reveals the superior utility of such an approach [14, 15] .
Limitations of the current analysis include a limited sample size and evolution of the CTA technique since these data were collected. CTA has advanced in terms of resolution and spatial coverage and would be expected to perform better today than in the past. Regardless of these improvements, poor study design such as lack of blinding or lack of standardized image acquisition and interpretation and intrinsic limitations of the technique related to vessel calcification and timing of imaging may not be overcome by technological changes. On the other hand, the SONIA study design precluded any determination of sensitivity and specificity. Yet, it minimized important biases present in other evaluations of CTA. Such an approach would be useful to continue to develop CTA as a useful screening test for ICAD, especially with the goal of identifying clinical risk rather than anatomic disease severity.
